I joined the department of medicine at Yale as an assistant professor in 1977 and had a laboratory in the department of physiology. My initial studies and grants were for the characterization of Na + -glucose cotransport in renal brush border membrane vesicles, a research interest and experimental model system that I had brought from my research training with Bert Sacktor at the Gerontology Research Center of the National Institutes of Health in Baltimore (1, 2) . In a previous issue of this journal, I described the fortuitous manner in which my work with Bert on renal brush border glucose transport came about (3) .
I was fortunate enough to receive funding for a postdoctoral fellow on my initial grant and one of the applicants for the advertised position was Jim Kinsella. Jim joined my laboratory in 1978 after receiving his Ph.D. in pharmacology from the State University of New York Upstate Medical Center at Syracuse. Jim's thesis work with Charles Ross had involved the elegant use of both brush border and basolateral membrane vesicles to provide the first description of the pathways for organic cation transport in this preparation (4, 5) . In retrospect, I am not sure why Jim came to work with such a junior mentor who scarcely had more research experience than he had. Perhaps the outstanding environment for renal research due to the presence of more senior investigators such as Gerhard Giebisch, Emile Boulpaep, and Fred Wright in the department of physiology at Yale was the real attraction. In any event, Jim planned to study the kinetics of the Na + -glucose cotransporter as an extension of work that I had done that showed potential-dependent translocation of the empty substrate binding site (6) . Prior to his arrival in the laboratory, Jim submitted what proved to be a successful application for an individual National Institutes of Health postdoctoral research fellowship to study this subject. This saved my grant-funded fellowship position, which then was used to support a renal fellow named Jeff Blomstedt, who went on to describe the anion exchange process mediating KINSELLA, JAMES L., AND PETER S. ARONSON. Properties of the Na + -H + exchanger in renal microvillus membrane vesicles. Am. J. Physiol. 238 (Renal Fluid Electrolyte Physiol. 7): F461-F469, 1980.-Transport of Na + and H + was evaluated in brush border membrane vesicles isolated from the rabbit renal cortex. Na + transport was assayed by a rapid filtration technique; H + transport was monitored with 5,5-dimethoxazolidine-2,4-dione by flow dialysis. Uphill Na + uptake was induced by imposition of an in Ͼ out H + gradient, and uphill H + efflux by imposition of an out Ͼ in Na + gradient, consistent with the action of a Na + -H + exchanger. The uptake of Na + was electroneutral either in the presence or absence of a H + gradient, indicating a fixed 1:1 stoichiometry for the exchange process. Na + transport was saturable and inhibited by Li + and NH 4 + but not by K + , Rb + , Cs + , or choline. Uphill H + efflux was induced by imposition of an out Ͼ in Li + gradient. Neither the uptake of Na + nor H + efflux were influenced by out Ͼ in gradients of Cl Ϫ compared to gradients of SCN Ϫ or SO 4 2Ϫ . If transport systems mediating Na + -Cl Ϫ co-transport and/or Cl Ϫ -OH Ϫ exchange are present in the microvillus membrane, their respective rates must be slow compared to the rate of Na + -H + exchange. Transport of Na + was inhibited by harmaline and amiloride, but not by acetazolamide, furosemide, or 4-acetamido-4Ј-isothiocyanostilbene-2,2Ј-disulfonate. We conclude that isolated renal microvillus membranes contain a tightly coupled Na + -H + exchanger that may play an important role in proximal tubular acidification.
lithium; proximal tubule; renal cortex; acidification; bicarbonate transport THE EXISTENCE OF A TIGHTLY COUPLED Na + -H + exchange process in the proximal tubule has been controversial. Although a number of studies over the past three decades have supported the concept (25, 27) , several other studies, indicating that Na + reabsorption and H + secretion in this nephron segment may be dissociated, have argued against it (14, 22) . The intact proximal tubule is a complex structure with paracellular and transcellular transport pathways, the latter composed of two distinct membrane barriers arranged in series. There is, therefore, potential hazard in analyzing the coupling between transtubular fluxes as a strategy for identifying transport mechanisms at the cell membrane level. For example, although there is strong evidence that Na + -glucose co-transport occurs across the luminal membrane of the proximal tubular cell and accounts for uphill glucose transport (7, 28) , it is possible to dissociate transtubular Na + and glucose reabsorption (5) .
The utility of employing isolated membrane vesicles to study transport processes has been recently reviewed (16) . Murer et al. (24) have reported the existence of an electroneutral Na + -H + exchanger in brush border membranes isolated from the rat renal cortex. We now confirm the presence of a similar transport system in microvillus membrane vesicles prepared from the rabbit kidney. Moreover, we have attempted to characterize this transport system more completely with respect to such properties as cation specificity, possible anion requirements, and sensitivity to inhibitors known to affect Na + reabsorption and/or acidification in the proximal tubule. A cell model of proximal tubular acidification is presented indicating the possible role of a Na + -H + exchanger with the properties that we have defined.
METHODS
Membrane preparation. Rabbit renal microvillus membrane vesicles were isolated by the previously described modification (3) of the Mg-aggregation method of Booth and Kenny (9) . Average enrichment in specific activity (final pellet/homogenate) of the luminal membrane marker ␥-glutamyl transpeptidase was 14-fold (range, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , while that of the basolateral marker, Na-K-ATPase, and that of the mitochondrial marker, succinic dehydrogenase, were both Ͻ1.0. The membranes were prepared and suspended in a medium consisting of 300 mM mannitol, 10 mM MgSO 4 , and 10 mM Tris-16 mM HEPES buffer, pH 7.5. Protein concentration was assayed by the method of Lowry et al. (20) .
Isotope uptake studies. Uptake of 22 Na or [ 14 C]glucose into the membrane vesicles was assayed at 20ºC using a previously reported Millipore filtration technique (5, 7) . All experiments were performed in triplicate on at least three separate membrane preparations. Although absolute rates of solute uptake expressed per milligram membrane protein varied over a twofold range, relative effects of experimental maneuvers were essentially identical from preparation to preparation. Unless otherwise stated, only the results of representative experiments performed within 6 h of membrane isolation are illustrated. The incubation conditions for each experiment are given in the figure legends. All solutions contained 300 mM mannitol, 10 mM MgSO 4 , and 10 mM Tris-16 mM HEPES buffer, pH 7.5, unless noted otherwise. Replacement of mannitol in the incubation medium by salts was always performed isosmotically.
Binding vs. transport of 22 Na. The uptake of glucose by rabbit renal brush border membrane vesicles has been clearly shown to represent transport into the intravesicular space rather than binding (6) (7) (8) . We found that in the presence of 100 mM NaCl or KCl the volumes of distribution in a given membrane preparation for 22 Na, [ 14 C]glucose, and [ 3 H]mannitol were all identical (range 2-3 l/mg protein from preparation to preparation). However, in the presence of 1 mM NaCl, the volume of distribution for 22 Na regularly exceeded that for glucose by 30-50%, suggesting that, at low ionic strength, a component of 22 Na uptake could represent binding. This possibility was confirmed when the dependence of 1 mM Na + uptake on medium osmolarity was examined (illustrated in Fig. 1 ). As medium osmolarity increases (1/osmol approaches 0), the vesicles should shrink and the uptake of a solute retained free in the intravesicular space should become negligible. Indeed, such ideal osmotic behavior has been observed for the case of glucose uptake into rabbit renal brush proximal tubule urate reabsorption (7) .
By the time Jim actually arrived in the laboratory, I suggested that the characterization of renal brush border Na + -H + exchange might be a project of more general interest than what we had discussed originally. In this recommendation, I was influenced greatly by a review of renal acidification that had just been published by Qais Al-Awqati (8) . Despite the clear demonstration of Na + -H + exchange in intestinal and renal brush border membrane vesicles in 1976 by Murer and colleagues (9) , another JASN Milestones contribution (10), Qais found the evidence for Na + -H + exchange "to be not very persuasive." Indeed, the section in Qais's review on the topic was entitled "Na:H exchange-active transport, passive diffusion, or merely facilitated confusion?" Moreover, Heini Murer's 1976 paper received relatively little attention as there were no published papers on Na + -H + exchange in brush border vesicles until our own in 1980.
In addition to confirming the existence of directly coupled Na + -H + exchange, we were interested in using renal brush border vesicles to begin to define some of the characteristics of the transporter, such as its cation specificity, possible anion dependence, and inhibitor sensitivity. To confirm the existence of directly coupled Na + -H + exchange, we first demonstrated that an outward H + gradient could drive the transient uphill accumulation of Na + , as had been shown previously in Heini Murer's paper (9) . We also used several different maneuvers to confirm that this directly coupled Na + -H + exchange was electroneutral and insensitive to changes in the membrane potential. Na + uptake by Na + -H + exchange was independent of Cl Ϫ , in contrast to what would have been the case if there were cotransport with Cl Ϫ or appreciable Cl Ϫ -OH Ϫ exchange activity. To evaluate substrate specificity of the Na + -H + exchanger, we screened various monovalent cations for the ability to inhibit 22 Na uptake. Li + and NH 4 + were identified as potential alternative substrates for the transporter.
As another approach to confirm the presence of directly coupled Na + -H + exchange, we sought to demonstrate that an inward Na + gradient would actually generate an inside-alkaline pH gradient, a prediction that had not been tested. Toward this end, we planned to assay the uptake via nonionic diffusion of the weak acid dimethoxazolidinedione (DMO) as a measure of the generation of an inside-alkaline pH gradient. A problem was that the diffusion of DMO was so fast that our usual filtration method did not assay intravesicularly trapped [ 14 C]DMO because of its rapid efflux during the washing of the membrane vesicles on the filters. Gary Rudnick was a new faculty member in the department border membrane vesicles (8) . Although we did observe a significant effect of osmolarity on Na + uptake (r = 0.995, P Ͻ 0.001), extrapolation of the regression line to infinite osmolarity revealed a binding component of 2.00 nmol/mg, which would account for 41% of the 1 mM Na + uptake observed under standard (344 mosmol) conditions.
To determine the location of the Na + -binding sites, we assessed the effect of the alkaloid, harmaline, on the rate of Na + efflux from vesicles preloaded with Na + . Harmaline is a competitive inhibitor of Na + uptake by rabbit renal brush border membrane vesicles (4) . Membrane vesicles were preloaded with 1 mM 22 NaCl for 60 min, diluted 1:20 into a Na + -free medium in the presence or absence of 5 mM harmaline, and then reincubated for 15 s at 20ºC. Harmaline inhibited by Ͼ90% the rate of Na + efflux occurring during the reincubation period. The drug similarly inhibited Na + efflux from vesicles preloaded with 1 mM Na + for only 15 s. Accordingly, the Na + retained at either 15 s or 60 min, including any binding component, must be internal to the harmaline inhibitory site. If Na + binding occurs at the outer membrane surface, one would have expected either no effect of harmaline on Na + release, or acceleration as Na + was displaced from its binding site.
In the present studies, we have made no correction for the component of Na + uptake representing intravesicular binding. Since binding is subsequent to transmembrane transport, the initial rate of Na + uptake primarily reflects the properties of the transmembrane transport process. Moreover, the effects on Na + uptake occurring in response to the described experimental maneuvers are always greater than can be attributed to alterations in Na + binding.
H + transport assay. The uptake via nonionic diffusion of a weak acid, 5,5-dimethoxazolidine-2,4-dione (DMO), or acetate was used as an index of the intravesicular alkalinization resulting from H + transport out of the vesicles. In preliminary experof pharmacology at Yale, and he had extensive experience with the technique of flow dialysis (11) . With his advice and equipment, we then used flow dialysis to assay brush border vesicle uptake of [ 14 C]DMO. These studies demonstrated that an inward gradient of not only Na + but also the alternative substrate Li + generated an inside-alkaline pH gradient. And again, we found the absence of any effect of Cl Ϫ on these processes. Many of my colleagues in clinical nephrology at Yale probably would be surprised to know that I had experience with any form of dialysis.
Finally, we tested a series of known transport inhibitors for effects on the renal brush border Na + -H + exchanger. Amiloride was tested as a negative control to demonstrate that there was no detectable 22 Na flux through Na + channels in contaminating apical membranes from the distal nephron. We realized that the observed inhibition by amiloride was a direct effect on the brush border Na + -H + exchanger after a literature search (pre-Internet) revealed that amiloride inhibition of Na + -H + exchange had been described previously in sea urchin eggs and mammalian muscle.
Jim Kinsella followed up this initial paper with additional studies that characterized the stoichiometry of Na + -H + exchange (12) , the kinetics of inhibition by amiloride (13) , and the transport of Li + and NH 4 + by the Na + -H + exchanger (14) . We followed up his work with studies that demonstrated the regulation of the transporter by intracellular pH (15) . In 1980, Jim left my laboratory to take a position in the laboratory of my former mentor, Bert Sacktor, at the Gerontology Research Center in Baltimore. I will always be grateful to Jim, my first postdoctoral fellow, for having the courage to join my laboratory when I was just starting my independent research career. Jim's studies on Na + -H + exchange began a research theme that has continued in my laboratory to the present day.
I conclude by returning to the influential review by Qais Al-Awqati that helped instigate our studies. A careful reading in retrospect indicates that Qais had not really disputed that directly coupled Na + -H + exchange might take place in the proximal tubule. But he argued that there was much evidence that conflicted with Na + -H + exchange representing the sole mechanism for proximal tubule HCO 3 Ϫ reabsorption. Studies some 20 years later have proved him to be correct, as 40 to 50% of the normal rate of HCO 3 Ϫ reabsorption persists in the proximal tubules of mice with targeted disruption of the gene encoding the brush border Na + -H + exchanger, NHE3 (16, 17) . Nevertheless, the field of Na + -H + exchange certainly has progressed at least somewhat from the earlier stage of "facilitated confusion." iments, uptake of [ 14 C]-DMO or [ 3 H]acetate was assayed by the same Millipore filtration technique employed for measurement of Na + and glucose transport. However, whereas negligible quantities (Ͻ5%) of Na + and glucose are lost from the vesicles during the 13-15 s of washing with ice-cold buffer on the Millipore filter (5), substantial loss (Ͼ50%) of the weak acids occurred. Presumably the temperature dependence of nonionic diffusion is significantly less than that of carrier-mediated glucose or Na + transport.
We therefore measured weak acid uptake by flow dialysis (12), a technique that does not require separation of the vesicles from the incubation medium with subsequent washing. The principle of this technique is schematically illustrated in Fig. 2 . The membrane vesicles and radiolabeled weak acid are placed in the upper chamber, separated by a dialysis membrane from a flowing stream of dialysate in the lower chamber. Timed collections of the dialysate are made. The concentration of isotope in the flowing dialysate will be proportional to the concentration of free isotope in the extravesicular medium of the upper chamber. Generation of an extravesicular Ͼ intravesicular H + gradient (H o + Ͼ H i + ), as by the action of a Na + -H + exchanger, will lead to accumulation of the labeled weak acid within the vesicles. The resulting decline in extravesicular concentration of isotope in the upper chamber may then be sensed as a fall in the concentration of isotope in the collected dialysate.
In the present studies, 0.15 ml of membrane suspension (1.5-2.5 mg protein) were added to the upper chamber with 0.9-1.2 Ci (0.20 mM) [ 14 C]DMO. Dialysis tubing was obtained from Fisher Scientific (8-667E), boiled in 2 mM Na 2 -EDTA, and extensively rinsed with deionized water. Both chambers were continuously stirred and the experiments were performed at ambient temperature (20-22ºC) . Dialysate (300 mM mannitol, 10 mM MgSO 4 , 10 mM Tris-16 mM HEPES buffer, pH 7.5) flow was maintained at 1.6 ml/min using a Rabbit peristaltic pump (Rainin Instrument Co.) and 0.5-ml fractions were collected and counted by scintillation spectroscopy after the addition of 3.5 ml Ready-Solv GP (Beckman) to each sample.
Additions of salt solutions to the upper chamber were made at 10-l aliquots, which introduced a small dilution artifact. Moreover, the permeability of the dialysis membrane was found to vary slightly with the ionic composition of the upper chamber medium, thus affecting the appearance of [ 14 C]DMO in the dialysate. Consequently, the effects of salt additions to the upper chamber medium were measured both in the presence and absence of membrane vesicles. For the addition of each salt to , provides a fitting reminder of how the careful physiologic description of a renal transporter spawned an exciting and still growing exploration of the renal brush border Na + -H + exchanger now known as NHE3. Kinsella and Aronson provided the first unequivocal evidence for the presence of Na + -H + exchange in renal microvillar membranes, and these studies operationally defined the Na + -H + exchanger as the electroneutral and amiloride-inhibited component of the pH gradient stimulated sodium uptake. In a very tangible way, this work facilitated the efforts of many other investigators, including myself, and allowed analysis of many aspects of the function and regulation of this transporter. The field was advanced further with the introduction of fluorescence techniques to monitor changes in intracellular pH in living cells. These analyses have made it clear that most, if not all, mammalian cells conduct Na + -H + exchange activity. Although pharmacologic studies in LLC-PK1 cells first suggested the existence of multiple Na + -H + exchangers, a major advance came with the cloning of the first Na + -H + exchanger in 1989 with the use of an ingenious strategy of gene complementation in a cell line that lacked Na + -H + exchange activity (1). This cDNA encoding NHE1 was widely expressed in mammalian tissues and since has been designated as the "housekeeping" form of the exchanger. In 1993, two groups independently isolated cDNA encoding other NHE isoforms, and the total number of NHE family members currently stands at seven (2, 3) . Despite some ongoing discussions, most researchers agree that NHE3 is the major isoform expressed in brush 
RESULTS
The effect of H + gradients on the uptake of Na + is illustrated in Fig. 3 . When the vesicles were preloaded with H + by preincubation in pH 5.9 buffer, and then the uptake of 1 mM Na + assayed at pH 7.2 (H i + Ͼ H o + ), a marked stimulation of Na + transport was observed compared to Na + uptake in the absence of a H + gradient (H i + = H o + , pH 7.4). Indeed, imposition of an initial H i + Ͼ H o + gradient induced an uphill accumulation ("overshoot") of Na + to a level more than threefold higher than the eventual equilibrium value. In contrast, when membrane vesicles preincubated at pH 7.4 were incubated with 1 mM Na + at pH 6.1 (H i + Ͻ H o + ), a marked inhibition of the rate of Na + accumulation was observed. Under all conditions, the same equilibrium level of Na + uptake was ultimately achieved, indicating that as dissipation of the passively imposed H + gradients occurs, gradients of Na + can no longer be maintained.
border membranes of the renal proximal tubule and small intestine and thus is of specific interest to renal and gastrointestinal physiologists.
NHE3 is more than 800 amino acids in length and has 12 putative transmembrane domains. The long C-terminal cytoplasmic tail contains many potential phosphorylation sites and perhaps other regulatory domains. Current studies in several laboratories are focused on defining the binding sites for protons, sodium ions, and amiloride and should, in the not too distant future, provide a detailed topologic map of the functional sites of NHE3.
Earlier studies showed that sodium transport and hydrogen ion secretion in the renal proximal tubule was tightly controlled by hormones and modulated in experimental conditions that simulated clinical disease states. These studies also distinguished short-term alterations in transport activity from long-term adaptive changes. Short-term regulation of NHE3 activity occurs in minutes and is likely the result of biochemical modification of NHE3 already present in the plasma membrane. The long-term adaptive response occurs over a time course of hours and is the result of alterations in the number of transporters that reside at the cell surface. Recent studies indicate that NHE3 transporters at the cell surface are dictated by a variety of mechanisms that include gene transcription and translation, vesicular trafficking of NHE3 to and from the plasma membrane, transfer to the plasma membrane of an inactive storage pool of NHE3 present in submembrane storage sites, and, perhaps, other unique targeting and stabilization processes. Experiments that ectopically expressed NHE3 in fibroblasts indicates that only 14% of total cellular NHE3 protein is expressed at the cell surface. The half-life of NHE3 in the plasma membrane was determined to be 10 to 15 min, whereas the protein halflife was significantly longer, approximating 20 to 22 h. These findings raised the possibility that NHE3 was recycled rapidly between the plasma membrane and an intracellular pool that contained the bulk of the NHE3 protein.
Immunocytochemical studies confirmed that a significant portion of NHE3 localizes with proteins associated with recycling endosomes. Pharmacologic studies have shown that growth factors that act via the PI3 kinase pathway control the reinsertion of NHE3 into the plasma membrane from this internal pool. Thus, current studies that are directed at unraveling adaptive responses of the mammalian kidney are focusing on the molecular determinants that define the internal pool or pools of NHE3 and the hormonal mechanisms that recycle and activate NHE3 at the renal apical surface.
Considerable progress has also been made in understanding the rapid regulation of NHE3 by hormones and growth factors. Using membranes isolated from renal proximal tubule and small intestine, researchers have gathered compelling evidence that points to protein kinases such as PKA, PKC, and calcium-calmodulin-dependent protein kinase II as important regulators of Na + -H + exchanger activity. Subsequent studies established that these protein kinases phosphorylated specific residues in the C-terminus of NHE3 and that phosphorylation of these residues was the proximal event resulting in alteration of the activity of the transporter. Additional complexity was added to this story when, in 1993, we reported that the cAMP-mediated inhibition of the renal brush border Na + -H + exchanger required an additional protein co-factor. This protein, Na + -H + exchang- Furthermore, the finding that the equilibrium levels of Na + uptake were identical at pH 6.1, 7.2, and 7.4 indicates that the component of Na + uptake representing binding was constant in this experiment and did not contribute to the observed effects of H + gradients on Na + flux. These results confirm the findings of Murer et al. (24) in brush border membrane vesicles from the rat small intestine and kidney, and support the existence of a Na + -H + exchanger in the microvillus membrane.
That a H + gradient in excess of 10-fold could generate little more than a threefold Na + gradient might suggest a stoichiometry of Na + -H + exchange other than 1:1. However, since the imposed H + gradient dissipates during the course of the Na + uptake measurement, such a conclusion concerning the stoichiometry may not be valid. An alternate approach for determining the stoichiometry is to examine the voltage dependence of the transport system. If the exchange of Na + for H + is 1:1 and, therefore, electroneutral, no dependence of Na + transport on the transmembrane electrical potential difference should be observed.
Ionophores in the presence of appropriate ion gradients were employed to vary the membrane potential. The effect of the H + ionophore FCCP in the presence of a H i + Ͼ H o + gradient is shown in Fig. 4 . Under these conditions, FCCP should act to alter the transmembrane electrical potential in the direction of enhanced intravesicular negativity. To verify that an inside negative potential had indeed been generated, we measured the effect of FCCP on Na + -dependent glucose transport. The ionophore stimulated glucose uptake more than twofold, consistent with the known voltage dependence of Na + -glucose cotransport (8) . However, in the presence of an identical H i + Ͼ H o + gradient, FCCP had no effect on 1 mM Na + uptake measured in the absence of gluose. Thus, under the conditions of a H i + Ͼ H o + gradient, Na + -H + exchange is electroneutral. The effect of the membrane potential on Na + transport in the absence of a H + gradient (H i + = H o + ) is illustrated in Fig. 5 . In this experiment, an increase in intravesicular negativity was achieved by the addition of the K + ionophore, valinomycin, in the presence of a K i + Ͼ K o + gradient. That the expected alteration of the membrane potential was achieved is indicated by the fourfold stimulation of Na + dependent glucose uptake which resulted from addition of the ionophore. In contrast, the er regulatory factor (NHERF), was isolated in 1995 and subsequently demonstrated to be essential for the cAMP-mediated phosphorylation of NHE3 (4). NHERF has two tandem PDZ domains as well as a C-terminal ezrin-binding domain. Thus, NHERF scaffolds NHE3 to ezrin and links the exchanger to the actin cytoskeleton. It is envisioned that NHERF brings a PKA/ezrin complex in close physical proximity to NHE3, thereby promoting its C-terminal phosphorylation and functional downregulation. The elucidation of the role of NHERF in PKA regulation of NHE3 extended to the kidney the concept that transporters, channels, and receptors may be regulated by preformed multiprotein signal complexes. Although NHE3 was the first demonstration of this signal-complex mode of regulation in renal tissue, NHERF and other PDZ proteins have been shown to associate with other renal transporters, channels, receptors, and signaling molecules. Thus, it is believed that the signal-complex model established for the regulation of NHE3 may be applied in a much more general way to hormonal control of other renal membrane proteins. NHERF and the closely related NHERF2 protein interact with many other epithelial transporters and channels such as the sodium-bicarbonate co-transporter, type IIa sodium-phosphate co-transporter, renal outer medullary potassium channel, H + -ATPЈase, and the cystic fibrosis transmembrane regulator. In addition, the localization and function of receptors such as the ␤ 2 -adrenergic receptor, P2Y purinergic receptor, and the plateletderived growth factor receptor; and signaling proteins such as phospholipases and c-Yes associated protein YAP-65 may also be dictated by their association with NHERF. Although many of these relationships have yet to be fully defined, it is clear that there has been tremendous progress in understanding the function and regulation of renal transporters such as NHE3. When viewed retrospectively, much of this progress derives from landmark studies of Kinsella and Aronson. uptake of 1 mM Na + was unaffected by valinomycin. Accordingly, Na + uptake by the vesicles, measured in the absence of organic solutes, is electroneutral under both H + gradient (H i + Ͼ H o + ) and nongradient (H i + = H o + ) conditions. This suggests that the stoichiometry of the Na + -H + exchange process is fixed at 1:1. Furthermore, electroneutral Na + -H + exchange must be the predominant mechanism for Na + uptake by the membrane vesicles, even under nongradient conditions. In the absence of organic solutes, no electrogenic pathway for Na + entry is apparent.
The possible influence of anion gradients on Na + uptake is shown in Fig. 6 . Replacement of SO 4 2Ϫ in the extravesicular medium by Cl Ϫ or SCN Ϫ had no effect on 1 mM Na + transport. In contrast, Na + -dependent glucose transport was markedly stimulated by Cl Ϫ and SCN Ϫ compared to SO 4 2Ϫ . Presumably, the conductance of the brush border membrane for Cl Ϫ or SCN Ϫ is higher than for SO 4 2Ϫ . Therefore, an out Ͼ in gradient of Cl Ϫ or SCN Ϫ renders the intravesicular space more electrically negative than does a SO 4 2Ϫ gradient, stimulating electrogenic Na + -glucose co-transport. Again, the electroneutral nature of Na + transport, measured in the absence of glucose, is confirmed. No interaction of Cl Ϫ with the Na + -H + exchanger is apparent.
We next investigated the cation specificity of the Na + -H + exchanger. Na + flux should be inhibited by those cations that share the Na + transport pathway. Therefore, the effect on 1 mM 22 Na uptake of 15 mM chloride salts added to the extravesicular medium was examined, and is illustrated in Fig. 7 . Under H + gradient (H i + Ͼ H o + ) and nongradient (H i + = H o + ) conditions, Na + transport was unaffected by the presence of K + , Rb + , Cs + , or choline in the incubation medium. However, 15 mM Na + , Li + , and NH 4 + clearly inhibited the rate of 1 mM 22 Na uptake under both conditions. The inhibition by 15 mM Na + reflects the saturability of the transport system with respect to Na + and is in accord with the K Na of 5 mM that has been previously reported (4) . In addition, the data suggest that Li + and NH 4 + directly interact with the Na + transport site. However, it is possible that the inhibition by Li + and NH 4 + is indirect and mediated via a change in intravesicular pH. Gradients of both cations were found to induce alkalinization of the intravesicular space (see below), an effect that could secondarily inhibit Na + uptake. Of note, therefore, is the observation that in vesicles preloaded with a high buffer concentration (H i + Ͼ H o + , 91 mM MES) the inhibition of Na + transport by Li + and NH 4 + was, if anything, greater (80 vs. 60%) than that observed with a lower buffer concentration (H i + = H o + , 10 mM Tris-16 mM HEPES). One would expect the effect of a Li + or NH 4 + gradient on intravesicular pH to be reduced when the intravesicular buffering is increased. Thus, it appears that Li + and NH 4 + do indeed interact directly with the Na + transport site.
The effects of out Ͼ in salt gradients on H + transport, shown in Fig. 8 , were evaluated by the method of flow dialysis. In each panel, the [ 14 C]DMO counts per minute in the 0.5-ml fractions of collected dialysate are plotted on the ordinate vs. the time of the collections on the horizontal axis. As discussed under METHODS, generation of a H o + Ͼ H i + gradient across the vesicle membrane should induce a decrease in the [ 14 C]DMO counts per minute appearing in the dialysate. Addition of 125 mM KCl to the membrane vesicle suspension did not alter the dialysate DMO concentration. The slow decline in the dialysate DMO concentration reflects the rate of DMO loss from the upper chamber during the course of the experiment.
That the flow dialysis technique can detect H o + Ͼ H i + gradients is indicated by the rapid decline in DMO counts per minute which results from acidification of the extravesicular medium to pH 5.9 with potassium phosphate buffer. The inability of KCl to generate a H + gradient suggests that the Na + -H + exchanger has negligible affinity for K + .
As expected, addition of 125 mM NaCl to the vesicles induced an abrupt fall in the dialysate DMO concentration, indicating the generation of a H o + Ͼ H i + gradient. From the protein concentration of 13 mg/ml employed in this experiment, and assuming an intravesicular volume of 2-3 l/mg protein, one can estimate that the intravesicular/extravesicular volume ratio is 0.025-0.040. Thus, the generated H o + Ͼ H i + gradient must primarily represent alkalinization of the intravesicular space rather than acidification of the extravesicular space. The 10% reduction of extravesicular DMO concentration that was observed requires a two-and-a-half-to-fourfold accumulation of DMO within the intravesicular volume, corresponding to a two-and-ahalf-to fourfold H i + Ͻ H o + gradient across the vesicle membrane. Since the actual intravesicular volume was not measured in this experiment, a more precise determination of the generated pH gradient cannot be made. However, uphill H + efflux, driven by FIG. 6. Effect of anions on transport. Uptake of 3.5 M glucose (left) was determined in the presence of 60 mM Na 2 SO 4 (᭺), 120 mM NaCl (᭝), or 120 mM NaSCN (ٗ), Uptake of 1 mM Na + (right) was determined in presence of 60 mM K 2 SO 4 (᭹), 120 mM KCl ( ), or 120 mM KSCN (). the imposed out Ͼ in Na + gradient, is clearly demonstrated, consistent with the action of a Na + -H + exchanger.
In the experiments of Murer et al. (24) on rat brush border membrane vesicles, the evidence for Na + -dependent H + transport was the slight (Ͻ0.1 U pH) acidification of the extravesicular medium that resulted from imposition of an out Ͼ in Na + gradient. Such a finding could have reflected Na + displacement of H + from binding sites rather than Na + -H + exchange mediated by a membrane transport system. Our finding that an out Ͼ in Na + gradient actually induces alkalinization of the vesicle interior is a more direct demonstration of uphill H + transport, and therefore verifies the conclusion of Murer et al. that a transport system catalyzing Na + -H + exchange exists in the microvillus membrane.
The observed change in dialysate DMO concentration resulting from Na + salt additions was relatively independent of the accompanying anion and was well maintained for the 2-min duration of the experiment. Both findings contrast markedly with experiments on small intestinal brush border membrane vesicles that indicated a rapid Cl Ϫ -dependent relaxation of the Na + -generated pH gradient secondary to the action of a Cl Ϫ -OH Ϫ exchanger (19) .
Returning to the question of cation specificity of the Na + -H + exchanger, we examined the effect of Li + and NH 4 + on intravesicular pH. As indicated, addition of 125 mM LiCl to the vesicles induced a change in dialysate DMO similar to that induced by NaCl. Thus, Li + not only can inhibit the transport of Na + , but can itself undergo exchange for H + . In experiments not illustrated, NH 4 Cl was also found to alkalinize the intravesicular space. However, such a result does not necessarily require that NH 4 + be a substrate for the Na + -H + exchanger, since entry of NH 4 + via nonionic diffusion of NH 3 could likewise lead to alkalinization of the vesicle interior (10) .
Finally, the sensitivity of 1 mM Na + uptake to various transport inhibitors is indicated in Fig. 9 . Neither acetazolamide (10 Ϫ4 M) nor furosemide (10 Ϫ3 M) produced any inhibition of Na + transport. However, harmaline (10 Ϫ4 M) and amiloride (10 Ϫ4 M) both significantly reduced Na + flux. No effect of amiloride was noted at 10 Ϫ6 M (not shown), a concentration known to inhibit distal tubular Na + transport (23) . Preincubation of the membranes with SITS (3.0 ϫ 10 Ϫ4 M) also failed to inhibit Na + transport. Thus, the inhibitory effects of acetazolamide (11, 27) , furosemide (22, 27) , and SITS (26) on proximal tubular acidification and/or Na + reabsorption do not reflect interactions of the drugs with the Na + -H + exchanger. Interestingly, amiloride has previously been reported to inhibit Na + -H + exchange in such diverse tissues as sea urchin eggs (15) and mouse soleus muscle (1) . Harmaline is an inhibitor of several Na + -dependent transport systems in the renal microvillus membrane (4 We have induced uphill Na + uptake into rabbit renal microvillus membrane vesicles by imposition of an in Ͼ out H + gradient, and uphill H + efflux by imposition of an out Ͼ in Na + gradient, consistent with the presence of a Na + -H + exchanger (or Na + -OH Ϫ co-transporter) in the luminal membrane of the proximal tubular cell. The uptake of Na + in either the presence or absence of a H + gradient was found to be electroneutral, suggesting a fixed 1:1 stoichiometry for the exchange process. The transport of Na + via this pathway was saturable, in accord with the reported K Na of 5 mM (4), and sensitive to inhibition by Li + and NH 4 + but not to inhibition by K + , Rb + , Cs + , or choline. Li + may itself be transported by the exchanger, since uphill H + efflux was induced by imposition of an out Ͼ in Li + gradient. Out Ͼ in Cl Ϫ gradients had no effect on either Na + transport or Na + -dependent H + flux. Thus, if mechanisms exist in the rabbit renal brush border membrane to facilitate Na + -Cl Ϫ co-transport and/or Cl Ϫ -OH Ϫ exchange, the rates for these processes must be quite slow compared to the rate of Na + -H + exchange under the present experimental conditions (20ºC, HCO 3 Ϫ -free media). Finally, transport of Na + was inhibited by harmaline and amiloride but not by acetazolamide, furosemide, or SITS.
The possible role in proximal tubular acidification of a Na + -H + exchanger with these properties is schematically illustrated in Fig. 10 . Primary active transport of Na + across the basolateral membrane (step 1) leads to the creation of an out Ͼ in Na + concentration gradient and an inside negative electrical potential difference across both cell borders. The movement of Na + down its concentration gradient across the luminal membrane via the Na + -H + exchanger drives uphill H + secretion into the lumen (step 2). Under normal circumstances, luminal HCO 3 Ϫ functions as the primary H + acceptor (step 3) with the eventual disappearance of H 2 CO 3 by diffusion out of the lumen or by dehydration to CO 2 (step 4), which diffuses out of the lumen. The intracellular OH Ϫ generated by H + secretion is buffered by CO 2 (step 5) to form HCO 3 Ϫ . Therefore, the net function of the Na + -H + exchanger is to mediate electroneutral NaHCO 3 entry into the cell, energized by the Na + concentration gradient across the luminal membrane. The exit of HCO 3 Ϫ (step 6) is indicated by measurements of HCO 3 Ϫ conductance (13) . Transport via this route could occur against a HCO 3 Ϫ concentration gradient, driven by the interior negative electrical potential difference across the basolateral membrane. It is also possible that electroneutral HCO 3 Ϫ -Cl Ϫ exchange could occur (step 7). Transport of HCO 3 Ϫ via this pathway could also proceed against a concentration gradient, driven by the out Ͼ in Cl Ϫ gradient across the basolateral membrane. Thus, according to the model, a transepithelial HCO 3 Ϫ (or pH) gradient could be generated in two steps: uphill HCO 3 Ϫ transport into the cell energized by the out Ͼ in Na + concentration gradient across the luminal membrane, and transport of HCO 3 Ϫ against its concentration gradient across the basolateral membrane, driven by either the electrical potential difference or the out Ͼ in Cl Ϫ concentration gradient. We will now consider certain aspects of this scheme in greater detail.
In the model, luminal HCO 3 Ϫ merely acts as a H + acceptor; there is no specific role for intratubular HCO 3 Ϫ in the luminal membrane acidification process. This is supported by the observation that acidification in the intact proximal tubule can occur normally when intraluminal HCO 3 Ϫ is replaced by any of several permeant buffers (27). Moreover, we observed Na + -dependent H + efflux from the luminal membrane vesicles in a HCO 3 Ϫ -free system.
Acetazolamide abolishes the proximal tubular acidification that occurs even when intratubular HCO 3 Ϫ is replaced by other buffers (27). The drug must therefore inhibit some process other than the dehydration of intraluminal H 2 CO 3 (step 3). One possibility is that intracellular H 2 CO 3 , arising from carbonic anhydrase-catalyzed hydration of CO 2 within the cell, is the obligate H + donor for H + secretion via the Na + -H + exchanger. Since Na + -dependent H + efflux from the vesicles was observed using a CO 2 -free system, this possibility is unlikely. One might alternatively consider that acetazolamide inhibition of acidification arises from direct inhibition of the Na + -H + exchange process. Our finding that the drug had no effect on Na + uptake into the membrane vesicles makes this explanation unlikely. Therefore, acetazolamide inhibition of acidification must arise from an action on the process of intracellular HCO 3 Ϫ formation (step 5) or from an effect on HCO 3 Ϫ exit (step 6 or 7). Although the transport of HCO 3 Ϫ per se is clearly not required at the luminal membrane, it is possible that only HCO 3 Ϫ , and not OH Ϫ , can exit across the basolateral membrane (step 6 or 7). It is presumably on HCO 3 Ϫ exit that SITS exerts its inhibitory effect on proximal tubular acidification (26), since we found that the agent did not inhibit the luminal membrane Na + -H + exchanger.
If the Na + -H + exchanger is the sole mechanism for H + secretion across the luminal membrane, there should be absolute dependence of acidification on the intratubular Na + concentration. Indeed, acidification in the isolated perfused rabbit proximal tubule is more than 90% inhibited by removal of luminal Na + (11) . However, reduction of luminal Na + to 4-5 mM inhibits acidification by only 20 (22) to 65% (27) in the rat proximal tubule. While this finding suggests the presence of a Na + -independent acidification process in the rat proximal tubule, it is not necessarily inconsistent with H + secretion via the Na + -H + exchanger. The K Na of the Na + -H + exchanger in rabbit renal microvillus vesicles is approximately 5 mM. If the K Na of the Na + -H + exchanger in the rat is of the same order of magnitude, one would not expect complete inhibition of acidification to result from reduction of the intratubular Na + concentration to 4-5 mM.
If the Na + -H + exchanger, with its 1:1 stoichiometry, is the sole mechanism for uphill H + secretion across the luminal membrane, one should never observe the presence of a H + gradient across the membrane that is greater than the out Ͼ in Na + concentration gradient. Documentation of a H + gradient across the luminal membrane in excess of the Na + gradient would necessarily require the presence of an additional H + secretory process in the brush border membrane. Unfortunately, no simultaneous measurements of H + and Na + activities in both the proximal tubular cell and tubular lumen have as yet been reported. Nevertheless, the argument has been presented recently (2) that the luminal membrane Na + gradient is inadequate to explain transepithelial acidification and, therefore, that an additional acidification mechanism must be present in the luminal membrane. This argument may not be valid for two reasons. First, a value for intracellular Na + of 50 mM was assumed, based on chemical measurement. Recent evidence indicates that intracellular Na + activities in a variety of epithelia are in the range of 10-15 mM, substantially lower than values derived from chemical measurement (21) . Thus, the Na + gradient may be adequate to sustain at least a 1-pH-U gradient across the luminal membrane. Second, inherent in the argument is the assertion that the luminal membrane acidification process must be capable of generating the transepithelial pH gradient. However, since, as already discussed, there may be driving forces to effect HCO 3 Ϫ transport against a concentration gradient at the basolateral membrane, this assumption may likewise not be correct.
A related issue concerns the sensitivity of proximal tubular acidification to inhibition by ouabain. If the pH gradient maintained across the luminal membrane is the major component of the transtubular pH gradient, and if the Na + -H + exchanger is the sole mechanism for generating the luminal membrane pH gradient, then ouabain, by increasing intracellular Na + , should inhibit proximal tubular acidification. Indeed, acidification in the isolated perfused rabbit proximal tubule is inhibited more than 90% by ouabain (11) . However, the drug inhibits proximal tubular acidification by only 30% in the rat (22) and not at all in the golden hamster (26). Although these findings suggest the existence of Na + gradient-independent acidification processes in the rat and hamster, it must be recognized that in none of these studies were the H + and Na + gradients measured across the luminal membrane. Accordingly, it was not actually demonstrated that a Na + gradient-independent mechanism must be present in the luminal membrane. It is possible that the luminal membrane Na + gradient was only partially abolished by ouabain, or that the driving forces for acidification present across the basolateral membrane were sufficient to account for the observed transtubular acidification in the presence of ouabain.
Despite the electroneutral nature of the Na + -H + exchange process, acidification according to the model in Fig. 10 could give rise to a lumen-positive HCO 3 Ϫ "transport potential," as has been observed in the rat (13) . Because there is appreciable basolateral membrane HCO 3 Ϫ conductance (13), any process that tends to raise the intracellular HCO 3 Ϫ concentration will tend to depolarize the basolateral membrane and move the transtubular electrical potential difference in the direction of lumen positivity. As previously discussed, the net effect of the luminal membrane Na + -H + exchanger is to drive uphill HCO 3 Ϫ transport into the cell. Thus, the finding of a lumen-positive acidification potential does not necessarily require the presence in the luminal membrane of an electrogenic H + secretory pump.
In conclusion, we have documented the presence and determined several properties of a Na + -H + exchanger in microvillus membrane vesicles isolated from the rabbit proximal tubule. Certainly no aspect of our investigation rules out the possible existence in the brush border membrane of other H + -secretory or HCO 3 Ϫ -reabsorptive mechanisms. However, the characteristics of the acidification process in the intact proximal tubule are compatible with a cell model in which a Na + -H + exchanger with the properties we have defined is the sole mechanism for mediating uphill H + secretion across the luminal membrane. Portions of this work have been reported in abstract form (17, 18) .
